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Purpose. Experimental coronavirus retinopathy CECOR) is an 
animal model of progressive retinal disease that is first manifest 
as an acute retinal inflammation followed by chronic, immune- 
associated retinal degeneration in genetically susceptible, 
BALB/c mice. In retinal degeneration-resistant CD-1 mice, only 
the acute infection is seen. In the present study, interferon 
(IFN)-y production during ECOR was studied and its role eval- 
uated in the clearance of infectious virus from the retina. 


Metuops. BALB/c, CD-1, and IFN-y- deficient (FN-y gko) mice 
were inoculated with the JHM strain of murine coronavirus by 
the intravitreal route. Mouse eyes were evaluated for infiltrat- 
ing cells and major histocompatibility complex (MHC) expres- 
sion by immunocytochemical staining. Isolated retinas were 
analyzed for IFN-y mRNA by RT-PCR, and sera were evaluated 
for IFN-y protein by ELISA assays. 


Resutts. Virus infection in BALB/c mice was associated with an 
increase in the incidence and levels of systemic IFN-y. More- 
over, IFN-y mRNA was detected within the retinas of infected 
animals during the acute phase of the disease but was not 
detected in normal or mock-injected animals. IFN-y mRNA was 
detected at the time of T-cell infiltration, and earlier studies 
have shown that this is temporally related to granzyme B gene 
expression and the clearance of infectious virus from the ret- 
ina. Retinal IFN-y mRNA was also associated with the upregu- 
lation of MHC class I and II molecules within the retina. When 
this infection occurred in IFN-y gko mice, the virus was un- 
checked, and the infection led to death. 


Conctusions. These studies indicate that generation of IFN-y by 
cells infiltrating the retina is an essential part of an immune 
mechanism responsible for noncytolytic clearance of infec- 
tious virus from the retina. divest Ophthalmol Vis Sci. 2003; 
44:3402-3408) DOI:10.1167/iovs.02-1106 


he interferons (IFNs) were discovered as antiviral mole- 

cules that inhibit a variety of viruses. Two general families 
of IFNs exist.’ Type 1 IFNs include IFN-a, IFN-8, and IFN-@, 
which are encoded by a family of more than 20 genes and share 
the type 1 cellular receptor. The type II IFN is IFN-y, which is 
encoded by a single gene, has a separate cellular receptor, and 
is produced by T cells and NK cells. All the IFNs have overlap- 
ping pleiotropic effects on a variety of cellular functions. Stud- 
ies using IFN-a/B and IFN-y receptor knockout mice have 
demonstrated that both IFN systems are essential for antiviral 
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defense and are functionally nonredundant.” Numerous studies 
have demonstrated that IFN-y is important in controlling virus 
infections in the central nervous system (CNS). For example, 
measles virus-induced encephalitis, mouse hepatitis virus 
(MHV)-induced demyelination, and vaccinia virus in the CNS 
are sensitive to interferon’s antiviral activity.** Within the eye, 
IFN-y protects the retina from herpes simplex virus CHSV)- 
induced retinitis.>~7 

It is becoming increasingly clear that IFN-y triggers its 
antiviral actions in vivo by exerting cellular effects at multiple 
levels. First, the interaction of IFN-y with its receptor and the 
subsequent induction of a variety of genes and gene products 
result in the downregulation of virus replication.® Alterna- 
tively, IFN-y activates cytokine production by T cells, mono- 
cytes, and resident cells, it augments cytotoxic T lymphocyte 
(CTL) killing by the induction of molecules such as granzyme 
B or major histocompatibility complex (MHC) class I, and it 
enhances immune reactivity through the induction of MHC 
class II molecules.'?~'' Recent studies focusing on viral infec- 
tions of the brain and liver have delineated the concept that 
cytokine secretion by infiltrating CTLs may be an important 
alternative to CTL-mediated killing.‘°~'? These studies high- 
light the distinct advantage of IFN-y-mediated noncytolytic 
clearance of virus from cells that are nonrenewable. We there- 
fore, set out to evaluate the protective role of IFN-y in an 
experimental coronavirus retinopathy (ECOR) model of a per- 
sistent viral infection.'*!* 

Murine coronavirus is a naturally occurring murine hepatitis 
virus. Neurotropic strains have been identified. Ocular infec- 
tion of susceptible mouse strains leads to a biphasic disease 
that is first manifest as an acute retinal inflammation followed 
by a chronic, immune-associated retinal degeneration.'*~'° 
During the degenerative phase of the disease, virus nucleic 
acid persists within the retina.'’ However, infectious virus 
cannot be found. Targets for early infection are retinal pigment 
epithelial (RPE) cells, ciliary body epithelial cells, and Miiller- 
like cells and some photoreceptors.'*!? The role of the im- 
mune system in the degenerative phase is supported by the 
identification of anti-retinal and anti-RPE cell antibodies in 
retinal degeneration-susceptible (BALB/c) mice.'? In contrast, 
these autoantibodies are absent in retinal degeneration-resis- 
tant mice (CD-1), which demonstrate only the acute phase of 
the disease.'? 

Therefore, this model system consists of two separate 
phases. The early phase is an inflammatory retinal vasculitis 
that is characterized by clearance of infectious virus. This 
occurs in both retinal degeneration-sensitive (BALB/c) and 
-resistant (CD-1) mice. The late phase is retinal degeneration 
that is characterized by immunopathologic processes and oc- 
curs in genetically susceptible BALB/c mice. In this study, we 
undertook the characterization of ECOR to examine the poten- 
tial contribution of IFN-y in the clearance of infectious virus in 
the retina. We found that IFN-y was produced during ECOR, 
and IFN-y gene expression was detected within the retina. The 
presence of IFN-y was associated with the activation of host 
immune response to MHV infection, and the absence of IFN-y 
in IFN-y- deficient mice was associated with a dramatic in- 
crease in viral encephalitis and death. These parameters were 
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similar in retinal degeneration-sensitive (BALB/c) and -resis- 
tant (CD-1) mice. Taken together, the data define IFN-y-asso- 
ciated responses as critical factors regulating virus infections 
within the retina. 


MATERIALS AND METHODS 


Virus, Animals, and Inoculation 


The JHM strain of MHV was obtained from American Type Culture 
Collection (ATCC, Manassas, VA), and passaged five to seven times in 
mouse L2 cells (a gift from Kathryn Holmes, University of Colorado, 
Denver, CO). Stock virus was propagated in L2 cells and concentrated 
by centrifuge at 100,000g for 2 hours, and the pellet was resuspended 
in DMEM with 2% FBS. Viral infectivity titrations were performed on L2 
cells propagated in 96-well plates. Infectivity was recorded as the 
induction of cytopathic effect by serial 10-fold dilutions of the sample. 

BALB/c mice were obtained from Harlan Sprague-Dawley (ndia- 
napolis, IN). CD-1 mice were obtained from Charles River (Raleigh, 
NC). IFN-y- deficient (IFN-y gko) BALB/c mice were obtained from 
Jackson Laboratories (Bar Harbor, ME). All mice were between 10 and 
14 weeks of age at the time of inoculation. 

The mice were injected intravitreally with 10** median tissue 
culture infective dose (TCID5,)/5 wL JHM virus or with DMEM with 2% 
FBS as a mock control. The mice were anesthetized as described and 
killed by decapitation.' They were handled according to the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision Research. 
Mouse eyes were processed between 1 and 20 days after inoculation. 
The eyes were fixed in 10% formalin for hematoxylin and eosin stain- 
ing or in optimal cutting temperature (OCT) compound for frozen 
sections and immunocytochemical staining. 


Immunohistochemical Staining 


Antibodies. Rabbit antiserum prepared against gradient-purified, 
NP40-disrupted MHV virions were kindly provided by Kathryn V. 
Holmes. Monoclonal antibody (mAb) specific for the MHV-JHM nucleo- 
capsid protein N was generously donated by Julian Leibowitz (Univer- 
sity of Texas, Houston, TX). 

The following anti-mouse mAbs were used: for B cell identification, 
rat IgG2a reacting with CD45R (Pharmingen, San Diego, CA); for CcD4* 
T-cell identification, rat IgG2b reacting with L3/T4 (Sera-Laboratory, 
Belton, UK); for CD8* T-cell identification, rat IgG2b reacting with 
Lyt-2 (Sera-Laboratory); for macrophage identification, rat IgG2b react- 
ing with Mac-1 (CD11b/CD18), which identifies both macrophages 
and NK cells (Roche Diagnostics, Inc., Indianapolis, IN); for NK cell 
identification, mouse IgG2a reacting with 5E6 NK (Pharmingen); for 
MHC class I identification, rat IgG2a reacting with mouse H-2 mono- 
typic antigen; and for MHC class II identification, rat IgG2b reacting 
with mouse Ia antigen (both from Roche Diagnostics, Inc.). 

Immunoperoxidase Staining. Frozen sections were fixed in 
acetone for 5 minutes and immersed in Tris-buffered saline with 5% 
normal goat serum or horse serum for 10 minutes. Primary antibodies 
were applied. After incubation in a moist chamber at room tempera- 
ture for 1 hour, the slides were washed in Tris-buffered saline, and the 
secondary antibody, biotin-conjugated goat anti-rabbit IgG (Organon 
Teknica Corp., West Chester, PA) or horse anti-mouse IgG (Vector 
Laboratories, Burlingame, CA), was layered onto the slides. After a 
1-hour incubation in a moist chamber at room temperature, the slides 
were washed in Tris-buffered saline and overlaid for 45 minutes with 
avidin-biotin-peroxidase complex. The slides were washed again in 
Tris-buffered saline and developed in a 0.05% 3,3’ diaminobenzidine 
tetrahydrochloride-0.1% nickel sulfate-0.01% hydrogen peroxide solu- 
tion. They were then counterstained with 1% methyl green, dehy- 
drated, cleared, and mounted as in conventional processing. 

Immunofluroescent Staining. Frozen sections were fixed in 
acetone, rehydrated in phosphate-buffered saline (PBS), and preincu- 
bated with normal goat serum, as described for immunoperoxidase 
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TABLE 1. Serum IFN-y Levels in BALB/c Mice Infected with JHM 
Virus by the Intravitreal Route 


Days after Inoculation 


Mice 155 6-10 Total 

Normal 

Positive/total 1/19 0/7 1/26 

Percent positive 5.2 0 3.8 

Mean (pg/mL) 92 0 67 
JHM Infected 

Positive/total 4/26 5/10 9/36 

Percent positive 15 50 25 

Mean (pg/mL + SE) 203 + 112 715 + 282 346 + 117 


staining. Primary antibodies were applied for 30 minutes in a moist 
chamber. Slides were washed three times in PBS followed by incuba- 
tion with either fluorescein-conjugated goat anti-rat IgG or rhodamine- 
conjugated goat anti-rabbit IgG. They were again washed three times, 
mounted, and viewed by fluorescence microscope. 

The following samples were evaluated in the immunofluorescence 
assay. Normal, mock-injected, or virus-infected eye sections were in- 
cubated with medium, irrelevant mAb, anti-MHC class I and II mAbs, 
virus-specific antibodies (rabbit), and normal rabbit sera. These tissues 
were then incubated with the second FITC-labeled anti-rat Ig antibody 
or the rhodamine labeled anti-rabbit antibody. The irrelevant mAbs 
were the same isotypes as the positive antibodies and were used at the 
same concentration as the sample being tested. 


Reverse Transcriptase—Polymerase 
Chain Reaction 


Each retinal RNA sample was dissected and pooled from eight mouse 
eyes. RNA was isolated with a commercially available protocol (RNA 
STAT-60; Tel-Test, Inc., Friendswood, TX). cDNA was synthesized from 
the same amount of RNA and was amplified with a kit (GeneAmp 
RT-PCR Kit; Perkin Elmer-Roche Molecular Systems, Inc., Branchburg, 
NJ). The specific primers were as follows: IFN-y sense primer, 5’-TGC 
ATC TTG GCT TTG CAG CTC TTC CTC ATG GC-3’, and antisense, 
5'-TGG ACC TGT GGG TTG TTG ACC TCA AAC TTG GC-3'; and 
B-actin primers from Clontech Laboratories, Inc., Palo Alto, CA. PCR 
products were electrophoresed in 4% agarose gels. After denaturing 
and neutralizing, DNA was transferred to a nylon membrane, hybrid- 
ized with specific internal digoxigenin (DIG)-labeled oligonucleotide 
or cDNA probes made from kits (Genius kits; Roche Diagnostics, Inc.). 


RESULTS 


Model System 


In this report, as in our previous studies, the mock-injected and 
untreated mouse eyes did not reveal histopathological changes, 
100% ocular infection of BALB/c mice with JHM virus resulted 
in retinal inflammation at postinoculation (PI) days 1 to 8 and 
retinal degeneration after PI day 10. In contrast, inoculation of 
JHM virus into CD-1 mice induced only the early inflammatory 
phase. At day 20, the CD-1 mouse retinas appeared normal. 


IFN-y Serum Levels 


Initial studies were performed to determine whether IFN-y was 
present in normal BALB/c mice and in BALB/c mice infected 
with JHM virus. Serum samples were collected between days 1 
to 10 after intravitreal inoculation with JHM virus and were 
evaluated for IFN-y by ELISA. As is seen in Table 1, IFN-y was 
detected in only 1 (3.8%) of 26 serum samples from normal 
BALB/c mice. In contrast, IFN-y was detected in 4 (15%) of 26 
ECOR mice between PI days 1 and 5 and in 5 (50%) of 10 ECOR 
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mice between PI days 6 and 10. The highest levels of IFN-y, 
715 pg/mL, were detected in ECOR mice between PI days 6 
and 10. These studies demonstrated that JHM infection in 
BALB/c mice was associated with an increase in both the 
incidence and levels of systemic IFN-y. 


IFN-y Gene Expression within the Retina 


We next wanted to determine whether IFN-y was produced 
locally within the infected retina. Pooled retinal mRNAs from 
untreated, mock-injected, and virus-infected BALB/c mice were 
evaluated by RT-PCR for the expression of IFN-y genes. Rep- 
resentative data from three separate experiments are shown in 
Figure 1. In virus-infected mice, IFN-y mRNA was observed at 
PI days 4 and 8 and not at PI day 20. In normal and mock- 
injected animals, IFN-y mRNA was not detected in retinal 
samples extracted on PI days 4, 8, and 20. 


Correlation with CD4 and CD8 T-Cell Expression 


IFN-y is produced by T cells and NK cells."> Moreover, IFN-y 
can also play a central role in viral clearance by activating CTL 
to produce granzyme B, a molecule intimately involved in the 
effector functions of these cells. In the next series of experi- 
ments we evaluated cellular infiltration within the retina during 
ECOR (Table 2). The most prominent infiltrating cell was the 
macrophage. MAC-1 staining was detected in 50% (3/6) of the 
eyes examined at PI day 3 and in 100% of the eyes examined at 
PI days 6 (11/11) and 10 (9/9). At PI day 20, MAC-1 staining 
was detected in two of six eyes examined. The macrophage 
appeared to be the main cell type reacting with a staining 
pattern that was present throughout the neural retina with 
occasional staining of cells within the vitreous. Each section of 
the retinas with positive staining for MAC-1 contained 3 to 12 
foci of reactivity. The second most prominent cell was the T 
cell. CD4* T cells were present in 35% and 28% of the retinas 
at PI days 3 and 6, respectively. This was followed by a shift to 
CD8* T cells, which were observed in 55% and 66% of the 
retinas at PI days 6 and 10, respectively. A low number of 
CD8* T cells was still noted on day 20 in 50% of the mice. Each 
section of the retinas with positive staining for T cells con- 
tained one to five foci of reactivity. B cells were infrequently 
observed. In addition to mononuclear cell infiltration, we also 
infrequently observed neutrophils within the vitreous of in- 


BALB/c 


Day 8 Day 20 
m v m v m v 


IFN-Y 


Ficure 1. IFN-y gene expression within the retina of BALB/c mice. 
Groups of BALB/c mice (7 = 8) were inoculated by the intravitreal 
route with JHM virus (Virus) or DMEM (mock injected) or were 
untreated (control). At PI days 4, 8, and 20, retinas were harvested. 
Total RNA was isolated from the retina and analyzed for IFN-y and 
B-actin mRNA by RT-PCR and Southern blot hybridization. Similar data 
were obtained in three separate experiments. m, mock injected; v, 
virus inoculated. 
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TABLE 2. Retinal Leukocyte Infiltration within the Retina during 
ECOR in BALB/c Mice 


Immunocytochemistry* 


Animal Days PI Mac CD4 CD8 
Normal 0 0 0 
JHM virus-infected 
3-4 50 35 0) 
6-8 100 28 55 
10 100 0 66 
20 33 RT+ 50 


Eleven eyes were evaluated for normal eyes and 6 to 11 eyes were 
evaluated for JHM virus-infected eyes at each time point. 

* Data are expressed as percent positive eyes. 

t Reactive tissue. Tissue at this time point reacted with control 
reagents. 


fected mice. NK cells were not seen within the infected reti- 
nas. Because IFN-y is produced only by T cells and NK cells, 
these studies demonstrating that T cells were detected within 
the retina at a time when IFN-y gene expression was observed 
support the concept that T cells are the source of IFN-y. 


Activation of MHC Classes I and II 


The IFNs are potent inducers of MHC class I molecules, and 
IFN-y also triggers the cellular expression of MHC class II 
molecules. When eyes from BALB/c mice infected with JHM 
virus were evaluated by immunocytochemical staining, reac- 
tivity for MHC class I and II molecules was observed on RPE 
cells, the inner retina, and the ciliary body epithelial cells (Figs. 
2, 3). Acomparison of MHC class I and II expression within the 
retina during ECOR is shown in Table 3. Within the retina, the 
RPE cells were the first type of cells to express both MHC class 
I and II molecules. This was noted at PI days 3 and 6. By PI day 
10, cells within the neural retina also expressed both mole- 
cules. At PI day 20, MHC class I and II molecule expression was 
diminished, but in a pattern that differed between the two 
MHC molecules. MHC class I staining was decreased in both 
the number of cells stained and the intensity of staining. Both 
RPE cells and cells within the neural retina reacted positively 
for MHC class I. MHC class II staining was decreased in cells 
within the neural retina but was maintained on RPE cells. 
Outside the retina, the ciliary body epithelium, which is con- 
tiguous with the RPE, expressed MHC class I and II molecules 
in a manner similar to the staining pattern in RPE cells. 

When eyes of untreated BALB/c mice or BALB/c mice in- 
jected with DMEM by the intravitreal route were evaluated by 
immunocytochemical staining, reactivity for MHC class I was 
not detected within the retina, RPE, or ciliary body epithelial 
cells (Table 3). Reactivity for MHC class II molecules was not 
detected in the retina or ciliary body epithelial cells but was 
observed on RPE cells in 2 of 11 eyes. This reactivity was 
patchy and weak. 

To determine whether the same cells were expressing viral 
antigen and MHC molecules, we performed double-labeling 
experiments. The anti-MHC class I and II mAbs were incubated 
with FITC (green)-tagged goat anti-rat IgG, and the rabbit 
anti-JHM virus antibody was incubated with a rhodamine (red)- 
tagged goat anti-rabbit antibody. The slides were first viewed 
under a light microscope. The field was then examined with a 
rhodamine (red) filter and then with a fluorescein (green) filter. 
In double-exposure photography of the field, the cells reacting 
with both fluorescein and rhodamine-conjugated antibodies 
demonstrated a yellow-orange color. We found that RPE cells, 
ciliary body epithelial cells, and some Miiller-like cells through- 
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Figure 2. Immunocytochemical stain- 
ing for MHC class I molecules within 
the retina of BALB/c mice. Frozen sec- 
tions of (a) normal, (b) JHM virus- 
infected (PI day 6), and (c) JHM virus- 
infected (PI day 10) mouse eyes, were 
incubated with monoclonal antibody 
directed against MHC class I mole- 
cules. Arrows: positive (black) stain- 
ing within the infected retina. No reac- 
tivity was noted when antibody was 
reacted with retinas from uninfected 
animals. Magnification, < 200. 


out the neural retina all react with the anti-virus antibody. By 
double-exposure photography it was determined that these 
virus-infected cells also expressed MHC class I and II mole- 
cules. 


JHM Virus Infection in Mice Deficient in IFN-y 


To evaluate the role of IFN-y in this ocular disease, JHM virus 
was inoculated into the vitreous of BALB/c mice (wild-type) 
and BALB/c mice deficient in IFN-y secretion (IFN-y gko mice). 
The wild-type mice responded to the virus infection by devel- 
opment of typical inflammatory disease and the secondary 


Figure 3. Immunocytochemical stain- 
ing for MHC class II molecules within 
the retina of BALB/c mice. Frozen sec- 
tions of (a) normal, (b) JHM virus- 
infected (PI day 6), (c) JHM virus-in- 
fected (PI day 10), (d) JHM virus- 
infected (PI day 20) mouse eyes, were 
incubated with monoclonal antibody 
directed against MHC class I mole- 
cules. Arrows: positive (black) stain- 
ing within the infected retina. No reac- 
tivity was noted when antibody was 
reacted with retinas from uninfected 
animals. Magnification, < 200. 
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retinal degenerative disease. Morbidity and mortality were 
compared between IFN-y gko mice and wild-type mice in- 
fected with JHM virus. During the early phase of the disease 
only 2 of 14 wild-type mice were moribund or died. In con- 
trast, 75% (12/16) of the IFN-y gko mice became moribund or 
died at PI days 7 to 8, with clinical signs of encephalitis. The 
remaining mice were sick and were killed. These studies re- 
vealed increased mortality in IFN-y gko mice, demonstrating an 
inability to control viral replication. These studies indicate that 
IFN-y was a critical factor in limiting the pathologic conse- 
quence of the acute phase of this retinal disease. 


ae 
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TABLE 3. Sequential Expression of MHC Class I and II Molecules 
with the Retina during ECOR in BALB/c Mice 


JHM Virus-Infected Mice 


(Days PI) 
Normal 
MHC and Location Mice 3 6 10 20 
Class I 
RPE O/11 4/5 5/5 5/5 2/5 
Retina O/11 0/5 2/5 5/5 1/5 
CBE O/11 4/5 4/5 5/5 2/5 
%Positive (0) 80 100 100 40 
Class II 
RPE 2/11 4/5 5/5 5/5 5/5 
Retina O/11 0/5 2/5 5/5 3/5 
CBE O/11 3/5 5/5 5/5 5/5 
%Positive 18 80 100 100 100 


Data are the number positive/total at each time point. CBE, ciliary 
body epithelium. 


Comparison of BALB/c Mice and CD-1 Mice 


When CD-1 mice were inoculated by the intravitreal route, 
acute disease developed that was similar to the inflammatory 
disease observed in BLALB/c mice. However, CD-1 mice did 
not exhibit the late retinal degenerative phase of the disease. 
We therefore evaluated lymphoid trafficking, MHC class I and 
II expression, and IFN-y gene expression in CD-1 mice and 
compared the findings with the data obtained in BALB/c mice. 
During the acute phase of the disease (days 3-10), lymphoid 
trafficking and MHC class I and II staining were similar in both 
mouse strains. Moreover, gene expression for IFN-y in pooled 
retinas from CD-1 mice was positive at PI day 4 and 8 (Fig. 4). 
Again, this is similar to the pattern observed in BALB/c mice. 

The disease pattern in the late phase was clearly different in 
the two mouse strains. BALB/c mice displayed a retinal degen- 
eration and CD-1 mice showed a normal retinal architecture. 
Staining observed at PI day 20 in CD-1 mice was clearly differ- 
ent from that observed in BALB/c mice, in that CD-1 mice were 
negative for MHC class I and II reactivity, and CD8* T cells 
were absent. 


DIscussION 


In the present study, the host responded to a coronavirus 
infection within the retina by recruiting monocytes and T cells 
into the infected retina and generating IFN-y. When this retinal 
infection occurred in mice deficient in IFN-y (IFN-y gko mice) 
the virus was unchecked, and the infection lead to death. 
These studies also demonstrated that IFN-y was critically im- 
portant in controlling a retinal virus infection. Several lines of 
evidence indicate that IFN-y was acting at multiple levels. First, 
IFN-y induced an antiviral state in uninfected cells resulting in 
decreased JHM virus replication (data not shown). Second, 
IFN-y could augment the activity of T cells and CTLs. This may 
be facilitated by the upregulation of MHC class I expression on 
infected cells and by the induction of granzyme B in CTLs. We 
have shown in this report that MHC class I was induced within 
the infected retina and we have previously demonstrated the 
upregulation of granzyme B mRNA in the infected retina.7° 
Third, IFN-y activation of macrophages may result in produc- 
tion of additional cytokines, which could augment immune 
reactivity. Finally, IFN-y can enhance immune reactivity 
through the induction of MHC class I and II molecules.*! 
IFN-y is an major immunoregulatory protein that exerts its 
effects on a variety of cells and cellular functions. In virus 
infections, including coronavirus infections, this Th1 cytokine 
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has been shown to control virus replication. Infection of the 
CNS with the coronavirus, mouse hepatitis virus (MHV) JHM 
strain, is a rodent model of the human demyelinating disease 
multiple sclerosis.?7 In this model, IFN-y mRNA was detected 
at the time of viral clearance from neurons in vivo.7*-?? More- 
over, Parra et al.,‘ demonstrated that both IFN-y and virus- 
specific cytopathic activity inhibited JHM virus replication in 
the CNS by specifically acting on oligodendroglia cells. Recent 
studies have also indicated that virus-specific CD4* T cells 
enter the CNS and produce IFN-y during chronic demyelina- 
tion.*° In related studies, hepatitis induced by MHV was also 
shown to be less severe in mice treated with recombinant 
IFN-y.7” 

The importance of IFN-y in both systemic and ocular viral 
infections have been explored in HSV-1 infections. Vollstedt et 
al.?* clearly identified that IFN-y and IL-12 play an essential role 
in controlling systemic and CNS infections with HSV-1. Bouley 
et al.” evaluated herpes stromal keratitis in IFN-y gko mice. 
Although corneal lesions resembling herpes simplex keratitis 
(HSK) occurred in IFN-y gko mice, there were marked differ- 
ences in virus replication. In IFN-y- deficient mice, virus per- 
sisted in the cornea longer, there were more severe skin 
lesions, and the mice were more susceptible to encephalitis. 
These parameters were a direct reflection of diminished viral 
clearance. In a separate study, Geiger et al.” developed trans- 
genic mice with ectopic expression of IFN-y in photoreceptor 
cells (tho-y transgenic mice).°” These mice showed photore- 
ceptor loss, exhibited upregulation of MHC classes I and II, and 
showed increased infiltrate of macrophages into the retina. 
Moreover, these mice were protected from retinitis after intra- 
vitreal HSV injection. The authors suggested that IFN-y pro- 
vides protection through multiple mechanisms, such as activa- 
tion of immune response, alteration of properties of the virus, 
and direct protection of neurons. The present study demon- 
strated for the first time the importance of IFN-y in controlling 
JHM virus infection within the retina. The presence of IFN-y in 
immune-associated ocular diseases has also been described. T 
cells infiltrating the retina were shown to express IFN-y and 
IL-2 in patients with sympathetic ophthalmia and uveitis.7? 
Animal models of autoimmune uveitis have also been used to 
show that IFN-y gene expression augments disease activity.°° 


CD-1 


Day 4 Day 8 Day 20 
m Vv m Vv m Vv 
IFN-Y + 
ACTIN 
Figure 4. IFN-y gene expression within the retina of CD-1 mice. 


Groups of CD-1 mice (7 = 8) were inoculated through the intravitreal 
route with JHM virus (Virus) or DMEM (mock injected) or were 
untreated (control). At PI days 4, 8, and 20, retinas were harvested. 
Total RNA was isolated from the retina and analyzed for IFN-y and 
B-actin mRNA by RT-PCR and Southern blot hybridization. Similar data 
were obtained in three separate experiments. m, mock injected; v, 
virus inoculated. 
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Thus, IFN-y plays an important role in ocular inflammatory 
diseases, whether they are of infectious or noninfectious 
origin. 

Virus invasion into the retina requires a rapid and measured 
response to downregulate virus replication and to establish 
viral clearance. The magnitude and timing of immune reactivity 
are critically important in controlling the virus in the presence 
of minimal immunopathology. We suggest that investigations 
using the animal model ECOR may shed light on some of the 
interactions among virus in the retina, the host cells and im- 
mune responses. ECOR was established by a virus that repli- 
cated and persisted within ocular cells in a nonlytic man- 
ner.'”'!8 In this infection, the host controlled the acute virus 
replication through a nonlytic process that preserved the in- 
fected cell. This is important in the retina, where cells are 
irreplaceable. Clearance of infectious virus from the retina was 
associated with the presence of CD4* and CD8* T cells with- 
out significant retinal damage in CD-1 mice. This suggests that 
clearance was a cytokine-mediated process. This process has 
been described for the clearance of Sindbis virus from the 
brain. Sindbis virus was cleared without neuronal damage, and 
IFN-y was identified as a critical cytokine.'” In the present 
study, IFN-y played a critical role in limiting virus replication 
and spread within the retina. In CD-1 mice, this was sufficient 
to allow the retina to return to a normal architecture. 

IFN-y also played a critical role in limiting virus replication 
and spread within BALB/c mice. However, this nonlytic pro- 
cess of virus control has also been shown in a number of virus 
systems to be associated with progressive or chronic dis- 
ease.*!>? Thus, the virus established a persistent infection in 
which the infected cell survived, setting up a pattern of pro- 
gressive disease that may lead to immune-mediated damage. 
Earlier studies have shown that anti-retinal and anti-RPE cell 
antibodies are present in JHM virus-infected BALB/c mice.!° 
We hypothesize that this scenario of immune-mediated damage 
is operative in the JHM-infected BALB/c mice. The data pre- 
sented herein show that CD8* T cells were present within the 
retina beginning at PI day 6, in both mouse strains. However, 
at PI day 20, CD8* T cells were present only in BALB/c mice. 
This coincides with a continued blood-retinal barrier break- 
down in BALB/c mice.”° The trafficking of CD8* T cells within 
the retina at a time when retinal degenerative changes were 
noted suggests that these cells may have specificity not only for 
viral proteins but also for retinal determinants. Additional stud- 
ies are needed to identify the generation of autoreactive CTLs 
in this model system. 

It is hoped that development of this animal model of ac- 
quired retinopathy, ECOR, will define how specific host re- 
sponses provide protection from retinal damage, whereas 
other host responses lead to progressive retinal disease. The 
results of the present study suggest that IFN-y plays a critical 
role in protecting the host during a retinal infection. 


Acknowledgments 


The authors thank Caroline Percopo and Laura Hooper for technical 
assistance. 


References 


1. Vilcek J, Sen GC. Interferons and other cytokines. In: Fields BN, 
Knipe DM, Howley PM, eds. Virology. Vol 1. Philadelphia: 
Lippincott-Raven; 1996:375-399. 

2. Muller U, Steinhoff U, Reis LF, et al. Functional role of type I and 
type II interferons in antiviral defense. Science. 1994;264:1918 - 
1921. 

3. Kundig TM, Hengartner H, Zinkernagel RM. T cell-dependent IFN- 


IFN-y in Experimental Coronavirus Retinopathy 3407 


-gamma exerts an antiviral effect in the central nervous system but 
not in peripheral solid organs. J Immunol. 1993;150:2316-2321. 

4. Parra B, Hinton DR, Marten NW, et al. IFN-gamma is required for 
viral clearance from central nervous system oligodendroglia. J Im- 
munol. 1999;162:1641-1647. 

5. Bouley DM, Kanangat S, Wire W, Rouse BT. Characterization of 
herpes simplex virus type-1 infection and herpetic stromal keratitis 
development in IFN-gamma knockout mice. J Immunol. 1995;155: 
3964 -3971. 

6. Geiger K, Howes E, Gallina M, Huang XJ, Travis GH, Sarvetnick N. 
Transgenic mice expressing IFN-gamma in the retina develop in- 
flammation of the eye and photoreceptor loss. Invest Ophthalmol 
Vis Sci. 1994;35:2667-2681. 

7. Geiger K, Howes EL, Sarvetnick N. Ectopic expression of gamma 
interferon in the eye protects transgenic mice from intraocular 
herpes simplex virus type 1 infections. J Virol. 1994;68:5556- 
55067. 

8. Levy DE, Garcia-Sastre A. The virus battles: IFN induction of the 
antiviral state and mechanisms of viral evasion. Cytokine Growth 
Factor Rev. 2001;12:143-156. 

9. Detrick B, Hooks JJ. Cytokines in human immunology. In: Leffell 
M, Donnenberg AD, Rose NR eds. Handbook of Human Immu- 
nology. Boca Raton, FL: CRC Press; 1997;233-266. 

10. Guidotti LG, Chisari FV. Cytokine-mediated control of viral infec- 
tions. Virology. 2000;273:221-227. 

11. Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, Chisari FV. 
Viral clearance without destruction of infected cells during acute 
HBV infection. Science. 1999;284:825- 829. 

12. Binder GK, Griffin DE. Interferon-gamma-mediated site-specific 
clearance of alphavirus from CNS neurons. Science. 2001;293:303- 
306. 

13. Hooks JJ, Percopo C, Wang Y, Detrick B. Retina and retinal pig- 
ment epithelial cell autoantibodies are produced during murine 
coronavirus retinopathy. J Immunol. 1993;151:3381-3389. 

14. Robbins SG, Detrick B, Hooks JJ. Retinopathy following intravitreal 
injection of mice with MHV strain JHM. Adv Exp Med Biol. 1990; 
276:519 -524. 

15. Robbins SG, Detrick B, Hooks JJ. Ocular tropisms of murine coro- 
navirus (strain JHM) after inoculation by various routes. Invest 
Ophthalmol Vis Sci. 1991;32:1883-1893. 

16. Wang Y, Burnier M, Detrick B, Hooks JJ. Genetic predisposition to 
coronavirus-induced retinal disease. Invest Ophthalmol Vis Sci. 
1996;37:250 -254. 

17. Komurasaki Y, Nagineni CN, Wang Y, Hooks JJ. Virus RNA persists 
within the retina in coronavirus-induced retinopathy. Virology. 
1996;222:446 - 450. 

18. Wang Y, Detrick B, Hooks JJ. Coronavirus HM) replication within 
the retina: analysis of cell tropism in mouse retinal cell cultures. 
Virology. 1993;193:124 -137. 

19. Wang Y, Detrick B, Yu ZX, Zhang J, Chesky L, Hooks JJ. The role 
of apoptosis within the retina of coronavirus-infected mice. Invest 
Ophthalmol Vis Sci. 2000;41:3011-3018. 

20. Vinores S, Wang Y, Vinores MA. Blood-retinal barrier breakdown in 
experimental coronavirus retinopathy: association with viral anti- 
gen, inflammation, and VEGF in sensitive and resistant strains. 
J Neuroimmunol. 2001;119:175-182. 

21. Percopo CM, Hooks JJ, Shinohara T, Caspi R, Detrick B. Cytokine- 
mediated activation of a neuronal retinal resident cell provokes 
antigen presentation. J Immunol. 1990;145:4101- 4107. 

22. Marten NW, Stohlman SA, Bergmann CC. MHV infection of the 
CNS: mechanisms of immune-mediated control. Viral Immunol. 
2001;14:1-18. 

23. Lin MT, Stohlman SA, Hinton DR. Mouse hepatitis virus is cleared 
from the central nervous systems of mice lacking perforin-medi- 
ated cytolysis. J Virol. 1997;71:383-391. 

24. Parra B, Hinton DR, Lin MT, Cua DJ, Stohlman SA. Kinetics of 
cytokine mRNA expression in the central nervous system follow- 
ing lethal and nonlethal coronavirus-induced acute encephalomy- 
elitis. Virology. 1997;233:260 -270. 

25. Pearce BD, Hobbs MV, McGraw TS, Buchmeier MJ. Cytokine in- 
duction during T-cell-mediated clearance of mouse hepatitis virus 
from neurons in vivo. J Virol. 1994;68:5483-5495. 


3408 Hooks et al. 


26. 


27. 


28. 


29. 


Haring JS, Pewe LL, Perlman S. High-magnitude, virus-specific CD4 
T-cell response in the central nervous system of coronavirus- 
infected mice. J Virol. 2001;75:3043-3047. 

Schijns VE, Wierda CM, van Hoeij M, Horzinek MC. Exacerbated 
viral hepatitis in IFN-gamma receptor-deficient mice is not sup- 
pressed by IL-12. J Immunol. 1996;157:815- 821. 

Vollstedt S, Franchini M, Alber G, Ackermann M, Suter M. Inter- 
leukin-12- and gamma interferon-dependent innate immunity are 
essential and sufficient for long-term survival of passively immu- 
nized mice infected with herpes simplex virus type 1. J Virol. 
2001;75:9596 -9600. 

Hooks JJ, Chan CC, Detrick B. Identification of the lymphokines, 


30. 


31: 


32. 


IOVS, August 2003, Vol. 44, No. 8 


interferon-gamma and interleukin-2, in inflammatory eye diseases. 
Invest Ophthalmol Vis Sci. 1988;29:1444 -1451. 

Egwuagu CE, Sztein J, Mahdi RM, et al. IFN-gamma increases the 
severity and accelerates the onset of experimental autoimmune 
uveitis in transgenic rats. J Immunol. 1999;162:510-517. 

Ciurea A, Klenerman P, Hunziker L, et al. Persistence of lympho- 
cytic choriomeningitis virus at very low levels in immune mice. 
Proc Natl Acad Sci USA. 1999;96:11964 -11969. 

Rehermann B, Ferrari C, Pasquinelli C, Chisari FV. The hepatitis B 
virus persists for decades after patients’ recovery from acute viral 
hepatitis despite active maintenance of a cytotoxic T-lymphocyte 
response. Nat Med. 1996;2:1104-1108. 


